INTRODUCTION
============

Moyamoya disease (MMD), defined as a chronic progressive steno-occlusive disorder at the distal internal carotid artery (ICA) with abnormal collateral vessels[@B55], has been increasingly detected, due to the advances in radiological testing and health check-up systems[@B17]. The estimated prevalence of MMD in Japan increased from 3900 in 1994 to 7700 cases in 2003[@B37]. Chen et al.[@B4] reported an annual incidence of 0.15 per 100000 people, during 2000 to 2011 in Taiwan. In particular, the incidence rate ratio of adult MMD patients between 2010 to 2011 was 1.74, with the incidence between 2000 and 2001 as a reference value. In Korea, the crude prevalence rate of MMD has increased from 6.6 in 2005 to 19.5 in 2013.[@B35] The average of annual increase of prevalence was estimated to 22.3%. The female incidence of MMD has increased from 3.2 in 2005 to 5.7 in 2013[@B35]. Ahn et al.[@B1] examined the nationwide clinicoepidemiological features of MMD in Korea, using data from National Health Insurance from 2007 to 2011. A total of 8154 patients were diagnosed with MMD. The average age was 36.8 years, and the female-to-male ratio was 1.8. The bimodal age pattern was noted, with a first peak at age 10--19 years, and a second peak at age 50--59 years. The annual incidence of MMD increased from 1.7 in 2007, to 2.3 cases per 100000 persons in 2011. For adult MMD, 1 and 5-year survival rates were 96.9%, and 92.9%, respectively.

Alongside the advances of radiological technology for increased identification of MMD, the results of clinical outcome, surgical outcome and research to understand MMD pathogenesis, have also been increasingly reported, further improving diagnosis capabilities. This review article focuses on an giving an update for adult MMD in the Korean population, specifically in terms of clinical course, treatment outcome and researches. In this paper, we mainly discuss the results of our domestic investigations including meta-analysis, and related subjects from other countries.

THE NATURAL COURSE OF ADULT MMD
===============================

Kuroda et al.[@B39] investigated the incidence and clinical features of MMD progression in an adult population, during a mean follow-up of 73.6 months. MMD progression was noted 15 of the 63 patients (23.8%) studied. More specifically, disease progression comprised of 4 cases (36.4%) of unilateral MMD and 11 cases (21.2%) of bilateral MMD. The mean time to progression from diagnosis was 60.0 months (ranging from 1.5 to 8 years). Female gender was a risk factor for future MMD progression. Gross et al.[@B11] reviewed 42 cases of North American adults with MMD (bilateral MMD, n=19; unilateral MMD, n=17) and moyamoya syndrome (n=6). The overall annual stroke rate was 13.3%, and the annual hemorrhage rate was 1.7%. Female gender (*p*=0.031) and recent stroke events (within 3 years) (*p*=0.035) were significantly associated with future stroke events. For asymptomatic patients, a nation-wide survey[@B38] revealed that 7 cases of future stroke (transient ischemic attack, n=3; ischemic stroke, n=1; hemorrhage stroke, n=3) were observed during a mean follow-up time of 43.7 months. MMD progression was related to silent infarction or ischemic events. As such, they concluded that asymptomatic MMD had a dynamic nature, with an estimated annual stoke risk rate of 3.2%. Importantly, however, the difference in the severity of hemodynamic status, and the presence of symptoms, can limit the interpretation of the previous results. Cho et al.[@B5] examined the natural clinical course of adult MMD patients (n=241) who were hemodynamically stable during a mean follow-up times of 82.5 months. The overall annual stoke rate was 4.5% per person-year. The hemorrhage presenting group showed a 4.3% rate of annual hemorrhage stroke, and the ischemic presenting group showed a 3.0% rate of annual ischemic stroke. For asymptomatic MMD patients, with hemodynamically stable status, an overall annual stroke rate of 3.4% (2.5% of hemorrhage stroke and 0.8% of ischemic stroke) was observed. The presence of familial MMD \[hazord ratio (HR), 2.62, *p*=0.009\], and thyroid disease (HR, 2.56, *p*=0.02) were risk factors for overall stroke.

Another issue is a clinical course of unilateral MMD, in particular contralateral angiographic progression. The incidence rate of contralateral progression in unilateral MMD, has been reported, ranging from 0--50%[@B13][@B53]. The presence of contralateral abnormality, as well as female gender, have been suggested as risk factors for future progression[@B28][@B39]. A literature review revealed that only two studies analyzed progression rates and the associated factors in adult unilateral MMD[@B13][@B39]. Kuroda et al.[@B39] found that 36.4% (4 out of 11 cases) showed a contralateral progression rate during a mean follow-up of 20 months. They suggested female gender as a risk factor for this contralateral progression. In contrast, Hallemeier et al.[@B13] did not find any risk factor for future progression in 12 adult unilateral MMD patients. In spite of this, confounding variables, such as heterogeneity of the treatment methods used (medical or surgical treatments), and small numbers of the enrolled patients (n=11 or 12) were concerns when interpreting the results in the adult MMD cases. Consequently, we wonder how high the contralateral progression rate is in adult MMD patients following surgical revascularization[@B31]. Six patients (14.6%) experienced contralateral progression during a mean follow-up period of 34 months (range 21--64 months) in our cohort. Angiographic abnormalities, defined as equivocal or mild A1 segment of the anterior cerebral artery (ACA), M1 segment of the middle cerebral artery (MCA) and ICA stenosis on angiography[@B23][@B28] was significantly associated with future progression (odds ratio, 49.00; *p*=0.04)[@B41]. Accordingly, unilateral MMD cases with contralateral angiographic abnormalities, should be monitored closely.

SURGICAL TREATMENT OUTCOMES
===========================

Revascularization surgery has shown to have a beneficial effect : reducing ischemic stroke and improving cerebral hemodynamics[@B31]. Guzman et al.[@B12] reported the treatment outcomes of 233 adult MMD, and 96 pediatric MMD patients. Direct bypass was performed in 95.1% of adults, and 76.2% of pediatric MMD patients. Fifteen cases of significant neurologic deficits (ischemic events : n=8; hemorrhagic events, n=7) were noted. The cumulative 5-year risk of post-operative, subsequent death or stroke was estimated to be 5.5%. They concluded that revascularization surgery was effective for the prevention of future ischemic stroke. Mesiwala et al.[@B45] also reported the treatment outcomes of 39 MMD patients (Caucasian, n=27; Asian, n=12) from the Western USA. In their study, direct bypass was performed in 36 patients with 59 surgical procedures, and indirect bypass of encephalo-duro-arterio-synangiosis (EDAS) in 3 patients with 6 procedures. The procedure-related mortality rate was 4.61%. They concluded that revascularization surgery may lower the risk of future ischemic stroke. Nevertheless, two factors of clinical presentation (ischemic vs. hemorrhage) and surgical techniques (direct vs. indirect), should be considered when assessing treatment outcomes in adult MMD patients. Hemorrhage presenting MMD adult patients showed a more advanced angiographic status and more pseudoaneurysms than ischemic presenting MMD adult patients[@B19]. Jang et al.[@B19] investigated the differences in major artery occlusion and collateral vessels, according to their presentation. Adult MMD patients with hemorrhage presentation showed a higher frequency of major artery occlusion and collateral formation, than those from the ischemic presentation. In particular, MMD patients with deep-seated intracranial hemorrhage (ICH) revealed a significantly higher ACA occlusion rate, than those with lobar ICH. Liu et al.[@B44] also reported that extensive dilatation of the anterior choroidal and posterior communicating arteries were related to hemorrhage development in adult MMD patients, especially intraventricular hemorrhage. Accordingly, treatment outcome should be differently assessed, according to presentation, due to the different associated angiographic architectures. The surgical benefits of revascularization surgery for preventing future hemorrhage remains controversial, due to a relatively small number of the enrolled patients, and the retrospective nature of the previous studies. Kawaguchi et al.[@B27] reported that future stroke events (rebleeding or ischemic events) between two groups of patients with direct bypass (none of 6 cases) and patients with conservative (6 of 11 cases) or EDAS (3 of 5 cases) did differ significantly. Fujii et al.[@B9] did not find efficacy of direct bypass (n=29, 19.1%) affected future rebleeding events in hemorrhagic MMD patients, compared to those in the conservative group (n=39, 28.3%). In terms of the angiographic outcome, direct bypass was highly effective (42 of 47 cases, 90%), compared with indirect bypass (18 of 47 cases, 38%)[@B16]. The Japan Adult Moyamoya (JAM) trial[@B46] investigated the surgical benefits of reducing rebleeding events and patients\' prognosis. Rebleeding events were noted in 5 patients in the surgical group (11.9%) and in 12 patients in the non-surgical group (31.6%) (*p*=0.052). Since the Kaplan-Meier survival analysis revealed a statistically marginal difference between the surgical and non-surgical groups (*p*=0.042), the JAM trial suggested that a direct bypass has a preventative effect on the recurrence of future hemorrhage in the adult MMD population.

Kim et al.[@B29] investigated treatment outcomes according to surgical methods \[combined superficial temporal artery-middle cerebral artery (STA-MCA) anastomosis with encephalo-duro-arterio-galeo-synangiosis (EDAGS) vs. EDAGS with or without inversion\] in adult MMD patients with non-hemorrhagic presentation. Combined bypass showed a higher angiographic revascularization area than direct bypass. Peri-operative complications were found more frequently in patients treated with combined bypass, but the clinical outcomes did not differ significantly according to the surgical methods used. They concluded that EDAGS can be a reliable alternative to combined bypass in adult MMD cases, however, they did not provide detailed information on the future stroke rate according to surgical method. Choi et al.[@B7] showed an improved revascularization angiographic outcome of combined bypass, than from indirect bypass, in adult MMD patients. In their study, a revascularization area of more than two-thirds of the MCA distribution was more frequently observed in the combined bypass group (n=12, 48.0%), than the indirect bypass group (n=9, 27.3%). Revascularization pattern in adult patients (≥18 years old) who underwent STA-MCA anastomosis with encephalo-moy-synongiosis (EMS), showed more cases of EMS dominance (n= 8, 32.0%) or an equivalent contribution to revascularization (n= 9, 36.0%)[@B18]. Regarding cases undergoing EDAS with EMS, most cases (n=27, 96.4%) revealed EMS dominance (n=14, 50.0%) or an equivalent contribution to revascularization (n=13, 46.4%). Accordingly, they concluded that EMS plays a key role in each combined surgical technique[@B18]. In Korea, Cho et al.[@B6] reported the long-term treatment outcomes of combined STA-MCA anastomosis with EDGS, in adult MMD patients. The clinical status continued to improve postoperatively, and plateaued 6 months after surgery. The bypass patency at immediate post-operative (within 2 weeks after procedures), short-term (5--12 months after procedures) and long-term (over 51 months after procedure) were 96.1%, 95.8% and 80.6%, respectively. The revascularization area, defined as the perfusion area/supratentorial area ×100, increased from 44.2±15.9% in the short-term to 54.8±18.7% in the long-term follow-up period. Mean cerebral blood flow in the MCA territory increased in the short-term period and plateaued. Three cases of stroke, two hemorrhagic and one ischemic event, were noted during a mean follow-up period of 71.0 months. The annual rate of stroke in the operated hemisphere was as follows : symptomatic hemorrhage rate, 0.4%/person-year; infarction rate, 0.2%/person-year. The 5-year event-free survival rates of symptomatic hemorrhage and cerebral infarction ipsilateral to the operated side, were all 98.7%.

SURGICAL EFFICAY IN SYMPTOMATIC ADULT MMD IN KOREA : A META-ANALYSIS
====================================================================

We conducted a meta-analysis to evaluate treatment outcomes of secondary stroke prevention after surgical treatments in Korean adult MMD patients. Detailed information on the searching, inclusion criteria, and statistics is described in [supplemental data](#S1){ref-type="supplementary-material"}. A flow diagram of the detailed search process was described in [Fig. 1](#F1){ref-type="fig"}. After records screening and deciding eligibility, 3 articles were included finally ([Table 1](#T1){ref-type="table"})[@B8][@B36][@B40]. A total of 627 patients from 3 studies were included to assess surgical efficacy in preventing recurrent stroke compared to conservative treatment ([Fig. 2A](#F2){ref-type="fig"}). Among them, 460 patients underwent 501 cases of bypass surgery and 167 did conservative treatment. Bypass surgery showed a significant prevention effect of recurrent stroke compared to conservative treatments in adult MMD (OR, 0.335; 95% CI : 0.198--0.566, *p*\<0.001). Regarding publication bias, Egger\'s regression test showed -1.17 of intercept \[(5% CI, -44.32 to 41.97; t=0.35, df=1; and *p*=0.78 (2 tailed)\]. For the rank correlation test, Kendall\'s tau was -0.33 with 2-tailed *p*=0.60. Accordingly, there was no evidence of publication bias in this comparison ([Fig. 2B](#F2){ref-type="fig"}).

Recently, two meta-analysis of the MMD treatment outcome have been published[@B51][@B54]. Qian et al.[@B51] reported that bypass surgery significantly reduced future stroke than conservative treatment (OR 0.17; 95% CI : 0.12--0.26, *p*\<0.01). But they did not find surgical benefit for MMD patients with ischemic presentation (OR, 0.45; 95% CI : 0.15--1.29, *p*=0.14). Sun et al.[@B54] suggested that direct bypass provide better risk reduction of long-term ischemia than indirect (OR, 0.51; 95% CI : 0.33--0.77) or combined bypass (OR, 0.47; 95% CI : 0.31--0.72) in adult MMD. However, heterogeneous population (mixed pediatric and adult MMD patients)[@B51] and a potentially confounding factors (mixed symptomatic and asymptomatic patients)[@B54] were concerns to interpret the results. In this meta-analysis, we only included for Koran MMD patients. Nevertheless, small number of the studies and their retrospective nature can be limitation.

RESEARCH IN MOYAMOYA DISEASE
============================

From genetics to metabolomics, studies of pathomechanism underlying MMD, have been increasingly reported. Most investigations have been conducted in mixed adult and pediatric MMD patients. Recently, two review articles for vascular progenitor cells[@B26] and MMD biomarkers[@B52] have been published in Journal of Korean Neurosurgical Society. To avoid duplication, we have focused domestic researches, except for studies of endothelial progenitor cells and smooth-muscle progenitor cells.

Human leukocyte antigen (HLA) genotyping, genome-wide linkage analysis, and genome wide association study have been conducted to find MMD-specific genetic marker. The HLA-B35 allele was significantly noted in Korean MMD patients, in particular female, late-onset MMD (defined as patients who were detected over 10 years old)[@B14]. The authors suggested that HLA-B35 might have a role in MMD pathogenesis in terms of autoimmunity or infection. Hong et al.[@B15] reported that familial MMD showed significantly increased HLA-DRB1(^\*^)1302 (70.0%) and DQB1(^\*^)0609 (40.0%) phenotype frequencies, compared to non-familial MMD or the healthy control group. They suggested that HLA-DRB1(^\*^)1302 and DQB1(^\*^)0609 haplotypes could be related to intimal fibrosis, and arterial occlusion.

The association of single nucleotide polymorphisms of the tissue inhibitor of metalloproteinase (TIMP)-2 and TIMP-4 genes and MMD development were studied[@B25]. A G/C heterozygous genotype at position -418 of TIMP-2 promoter region was observed in familial MMD (9 of 11 cases, 81.8%), more significantly than that of non-familial MMD (16 of 50 cases, 32.0%) or control groups (14 of 50 cases, 28.0%). A G/C heterozygous genotype at position -418 of the TIMP-2 promoter region might be a genetic predisposing factor for familial MMD, through influencing Sp1 binding and subsequent TIMP-2 transcription. However, the conclusions of Kang et al.[@B25] was not supported by others.[@B49]

Park et al.[@B50] hypothesized that genetic variation of endothelial nitric oxide synthase (eNOS) could be related to age-specific MMD. Overall, there were no differences found in eNOS polymorphisms, such as -922A\>G, -786T\>C, intron4 and 894G\>T, between MMD patients and the control group. More specifically, adult MMD (≥20 years) revealed significantly decreased 4a4b sequences, compared to the control group (n=2, 4.7% in adult MMD vs. n=46, 20.3% in control group; *p*=0.029). The A-4b-G haplotype was frequently observed in adult MMD, compared to the control group. However, pediatric MMD patients (\<20 years) did not show significant differences in 4a4b sequences and A-4b-G haplotypes, when compared to the control group.

Ringer finger protein 213 (RNF213) has been identified as a susceptible gene for MMD[@B10][@B43][@B47]. Kim et al.[@B30] reported an RNF213 genotype, and its association with clinical features in Korean MMD patients. A total of 125 (75.8%) MMD patients examined had the c.14429G\>A (p.R4810K) variant. The homozygous c.14429G\>A (p.R4810K) RNF213 variant was significantly associated with early-onset MMD (\<5 years), cerebral infarction, and cognitive impairment. The RNF213 variant could also be used for MMD diagnosis in adult patients. Angiography-based MMD diagnosis can be insufficient to distinguish adult MMD from intracranial atherosclerotic stenosis (ICAS) in daily practice[@B2]. First, the early state of MMD can be diagnosed as ICAS due to the absence of tandem stenosis of the proximal MCA, or ACA concomitant with distal ICA stenosis. Second, adult MMD tends to show less prominent basal collateral vessels than pediatric MMD. Third, atherosclerosis (dyslipidemia, heavy smoking, alcoholics and hypertension), prothrombotic conditions (head trauma and cranial radiation), and diabetes mellitus (DM) can cause steno-occlusive intracranial lesions mimicking moyamoya syndrome[@B2][@B32]. Accordingly, actual incidence of adult MMD can be potentially underestimated. Bang et al.[@B2] analyzed the occurrence of the p.Arg4810Lys variant of RNF213 in adult patients showing intracranial stenosis. Three variables such as basal collateral vessels, bilateral involvement, and the absence of DM, were significantly correlated with the RNF213 variant. Three-fourths (75.6%) of the MMD patients (n=131) who met these three variables, showed the RNF213 variant. However, the RNF213 variant was also noted in patients who met two of the criteria (57.7%), one of the criteria (28.6%), or no criteria (20.0%) for MMD. Consequently, they concluded that some of the MMD patients had been misclassified as ICAS in clinical circumstances. In such complicated cases, the presence of the RNF213 variant could be very helpful for MMD detection, in particular for early state of MMD.

Disruption of balance between matrix metalloproteinases (MMP) and TIMP which is an inhibitor for MMP could lead to intimal hyperplasia through excessive smooth muscle cell (SMC) migration and proliferation[@B24]. Kang et al.[@B24] demonstrated significantly increased MMP-9, monocyte chemoattractant protein-1 (MCP-1), interleukins-1β, vascular endothelial growth factor (VEGF) and platelet-derived growth factor BB, as well as decreased TIMP-1 and TIMP-2, in MMD patients, compared to those in the control groups. MCP1 and VEGF could be related to the recruitment of vascular progenitor cells and, subsequent MMD vessel formation[@B24].

Elevated cellular retinoic acid-binding protein-I (CRABP-I) in the cerebrospinal fluid (CSF) has been suggested as a candidate protein for MMD[@B22][@B34]. Kim et al.[@B34] identified a higher level of CRABP-I expression in pediatric MMD, using Western blotting. They hypothesized that CRABP-I inhibited retinoid activity, by increasing retinoic acid production, which results in neointimal thickening. Jeon et al.[@B22] further examined the difference in CRABP-I expression, according to diseases entity and its association with clinical phenotypes, as well as post-operative hemodynamic changes in the adult population. Bilateral MMD cases \[median (25th--75th percentile); 1.45 (0.86--2.52)\] had significantly higher levels of CRABP-I intensities, compared to unilateral MMD cases \[0.91 (0.78--1.20)\], or atherosclerotic cerebrovascular disease \[0.85 (0.66--1.11)\]. CRABP-I was related to a decrease in basal collateral vessels, after surgical revascularization. CRABP-I did not differ significantly according to initial presentation (hemorrhage vs. infarction), or improvement of the vascular reserve. The authors concluded that elevated CRABP-I in the CSF can be associated with typical bilateral adult MMD.

Metabolomics has been an emerging technology in the investigation of disease-specific metabolomic patterns and biomarkers[@B20][@B48]. Jeon et al.[@B21] compared the CSF metabolites of adult bilateral MMD cases than those of unilateral MMD and atherosclerotic cenebrovascular disease, using hydrogen-1 nuclear magnetic resonance spectroscopy. The results showed that bilateral MMD revealed higher levels of glutamine (*p*\<0.001) and taurine (*p*=0.004), than did atherosclerotic stenosis. Würtz et al.[@B57] reported that a higher glutamine level was related to intima-media thickness of the carotid arteries and coronary artery disease. Accordingly, they suspected that higher glutamine in MMD could be related to increased abnormality of SMC proliferation, and thickened intima, compared to that of atherosclerotic stenosis, although the precise mechanism is not well understood[@B21]. Regarding bilateral and unilateral MMDs, no differences were found at the metabolite level, in their study.

Association of the MMD and thyroid diseases has been reported[@B33][@B42][@B56]. Kim et al.[@B33] investigated the relationship between thyroid autoantibodies and MMD (n=63) under a euthyroid state through a comparative study with non-MMD stroke (n=71) or healthy controls (n=200). In their study, thyroid autoantibodies were found to be significantly higher in MMD patients, than in the control group. They concluded that immune aberrancies related to thyroid autoimmunity may have a role in MMD pathogenesis. T-cell dysregulation[@B56] or increased sensitivity to the sympathetic nervous system of the vessel[@B42] was thought to be responsible for abnormal SMCs proliferation and moyamoya vessel formation. Recently, Chen et al.[@B3] analyzed the differences of the autoimmune diseases prevalence between unilateral \[n=68, 38.9±11.5 years (age at onset, mean±SD)\] and bilateral MMD (n=316, 37.3±13.7 years). Although specific autoimmune disease, such as thyroid disease, type 1 DM or systemic lupus erythematosus did not differ significantly in their prevalence, overall autoimmune disease was observed to be significantly higher unilateral MMD, compared to bilateral MMD \[n=18 (26.5%) in unilateral MMD vs. n=43 (13.6%) in bilateral MMD; *p*=0.008)\]. Nevertheless, the actual pathogenic mechanisms of the autoimmune disease in the development of MMD are still poorly understood. Accordingly, studies concerning the autoimmune mechanism in MMD development, in particular the role of elevated thyroid autoantibodies in MMD development and progression, and its therapeutic targets, are required[@B31][@B33].

CONCLUSION
==========

A better understanding of MMD, including its natural clinical course, treatment outcomes and research has been obtained; nevertheless, most previous studies reveal non-concordant results, due to heterogeneity of the population (pediatric and adult), hemodynamic status (stable or unstable), disease entities (MMD only or mixed with moyamoya syndrome), treatment methods (direct bypass, indirect bypass, or combined bypass). Future adult MMD studies and treatments should be approached using updated knowledge, for instance using multicenter, randomized studies to evaluate the clinical course and surgical outcome, as well as research to identify MMD biomarkers related to clinical phenotypes, such as future stroke prediction and disease progression without including pediatric MMD patients.
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